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SYNOPSIS Two case histories were analyzed to determine the validity of using nonlinear nwnerical analysis methods
together with simple and familiar descriptions of soil behavior to predict shaking-induced excess pore pressures and permanent
deformations within soil. The first case focuses on the prediction of liquefaction during centrifuge testing of a silt layer underlain
by sand. The second case involves the prediction of behavior of the Upper San Fernando Dam during the 1971 San Fernando
earthquake. Results of both analyses show that consistent and reasonably accurate estimates may be made of the behavior of soil
during seismic loading. The relative simplicity of the framework used in describing the stress-strain behavior of soil provides the
approach with significant practical appeal.
Stress-Strain Behavior

INTRODUCTION

The Mohr-Coulomb failure criterion was employed in the
predictions.The elastic behavior of the material is defined by
bulk and shear moduli and shear strength is defined by friction
angle and cohesion. The variation of the shear modulus, G,
with mean stress, a'm• is modeled as follows:

The purpose of this paper is to bridge the gap between
conventional engineering analysis and advanced numerical
methods by incorporating traditional constitutive concepts into
available numerical codes. While it is important to predict the
behavior of soil with reasonable accuracy, it is also desirable
for constitutive models to be simple to implement and use.
Furthennore, the required input parameters should be easy to
obtain and meaningful to the practicing engineer. It is hoped
that the widening application of such analyses will lead to the
growing acceptance of numerical methods as a practical
engineering tool.

G
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(1)

where Pa is atmospheric pressure, and K, n are material
constants. Even though this formulation significantly
simplifies real soil behavior in many aspects, it is capable of
quite satisfactory predictions for geotechnical engineering
problems in which significant plastic deformations are
expected. The credibility of this approach with respect to its
prediction of shaking-induced permanent deformations was
previously established by comparison with the results of
centrifuge tests on model embankments of dry sand (Roth et
al.,1986). This work was performed with the computer
program, OSAGE, which was a predecessor of FLAC. The
extension from dry to wet conditions is accomplished by
coupling this material law with an incremental pore pressure
generation scheme (Roth et al.,l99l,and 1992).

METHOD OF ANALYSIS
Numerical Formulation
Nonlinear dynamic analysis is performed using FLAC
version 3.2 (developed by the Itasca Consulting Group in
1986), a micro-computer implemented code based on the
explicit finite difference method for modeling nonlinear static
and dynamic problems in continuum mechanics (Cundall and
Board, 1988). At each timestep, incremental strains are
computed for each zone from known nodal velocities.
Corresponding stress increments are derived from the
constitutive model. When stresses have been calculated for all
zones, velocities and coordinates of the nodes are updated
providing the capability for handling large strains. These
computation cycles are repeated until internal stresses are in
equilibrium with external forces. The explicit :finite difference
method employed in FLAC offers significant advantages over
conventional :finite element schemes in solving problems
involving nonlinearity,large-strains, and physical instability.
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Pore Pressure Generation
The utilized pore pressure generation scheme is essentially
an incremental form of the well-established liquefaction
analysis procedures developed in the last twenty years by
Seed and others (Seed,1979). Through real-time coupling of
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this scheme with the dynamic analysis, effective stresses are
continuously updated and, as pore pressures gradually
increase, a state of liquefaction is approached in frictional
materials.
Excess pore pressures are generated by cyclic shear
stresses which are continuously tracked for each element
during the analysis. Dynamic shear stresses, 'td, are
normalized with respect to the effective static vertical stress,
cr'vo· Shear stress ratios (rt ='tjcr'v0 ) are related to the
number of cycles to liquefaction, Nliq• by curve-fitting to
experimental data. Cumulative damage, D, is updated as each
shear cycle is completed, as follows :

At the outset of the VELACS project, a series of centrifuge
"check" tests was performed to investigate the influence of the
centrifuge test setup on observed behavior. The same model
setup was subjected to "identical" base motions at various
centrifuge facilities. The test results were distributed to the
experimenters and predictors as a means of calibration and
verification.
Test Setyp and Soil Parameters
The model setup is shown in Figure 1. The applied
centrifugal acceleration of 50g corresponds to 3 m thick layers
of sand and silt in prototype scale. Horizontal and vertical
accelerations and displacements, and pore pressures were
measured during the tests.

(2)

Mter each cycle, the current value of cumulative damage,
D, is related to the pore pressure ratio (ru=ulcr'vo) by an
empirical function, such that a soil subjected to randomamplitude shear stress cycles reaches a pore pressure ratio of
unity when D=l. The exact shape of this function appears to
have little effect on the analysis results with regard to the
overall dynamically induced deformations of the earth
structure. The most simple linear function, ru=D, was adopted
for this study, which fits well within the range of curve shapes
suggested in the literature.

FIGURE 1. Standard VELACS Centrifuge "Check"
Test Setup
Soil laboratory testing was performed by The Earth
Technology Corporation (Arulmoli et al.,1992). Two soils,
Nevada Sand and Bonnie Silt, were tested although, in the
centrifuge "check" tests, Ottawa Silt was used. The soil
parameters derived for the Bonnie Silt were assumed to
represent the Ottawa silt.

Dissipation
Pore pressure dissipation is achieved by alternating
between dissipation and mechanical computation cycles. The
modeling of dissipation in real time is based on a 2-D
formulation of Darcy's law, neglecting inertial terms and
assuming constant permeability. The dissipation of pore
pressure is reflected in the pore pressure generation scheme
through a decrease in cumulative damage.

Elastic parameters were· obtained from cyclic triaxial and
resonant column tests. Strength parameters were based on
monotonic triaxial and simple-shear tests. Cyclic triaxial and
simple-shear tests were used to derive dynamic shear strength
relations. The resulting curve-fits for cyclic shear strength are
shown in Figure 2. The chosen soil parameters are given in
Table I.

CASE 1. HORIZONTALLY LAYERED SOILS

Table 1. Soil Parameters for
VELACS Centrifuge "Check" Test Analysis

The VELACS Project

Material Parameter

The VELACS (Verification of Liquefaction Analysis by
Centrifuge Studies) Project has been funded by NSF to
provide experimental data with well-defined boundary
conditions and soil properties for use in the verification of
liquefaction analysis. The VELACS experiments have been
simulated in class "A" predictions by world-wide participants
using many different theories and various computer codes.
Both the experimental data and numerical predictions will be
presented at ail international conference to be held at the
University of California, Davis in October, 1993.
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Friction Angle, cj> (deg)
Cohesion, c (kPa)
Shear Constant, K
Shear Exponent, n
Poisson's Ratio, 'II
Dry Unit Weight, 'Ydrv (kN/m3)
Porosity, n
Permeability, k (em/sec)
1736

Nevada Sand
Dr=60%
36
0
430
0.50
0.20
15.76
0.400
5.6e-3

Bonnie
Silt
34
0
415
0.90
0.23
15.15
0.420
8.5e-7
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FIGURE 3. Input Motion Used in the Analysis
(Prototype Scale)
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FIGURE 2. VELACS Centrifuge "Check" Test
Cyclic Shear Strength Curves
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Analytical Setm>
The model was analyzed in prototype scale using a mesh of
12 by 4 elements. The Cambridge "Bumpy Road" motion,
which is shown in prototype scale in Figure 3, was the input
acceleration history applied to the base. Free-field conditions
were applied to the vertical boundaries. Rayleigh damping
with a critical damping ratio of 0.05 at a frequency of 2Hz
was used. Pore pressure dissipation was allowed during
shaking and the following quiet period.
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Results
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The predicted ground-surface response is shown in Figure 4
and is within the range of experimentally observed
amplifications. Plots of excess pore pressure versus time are
given in Figure 5 for the middle of the sand and silt layers.
There was large scatter in the centrifuge test results, and the
predicted response lies well within this range.
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FIGURE 4. VELACS Centrifuge "Check" Test
Ground Surface Responses
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FIGURE 5. VELACS "Check" Test- Excess Pore Pressure Ratios
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CASE 2. UPPER SAN FERNANDO DAM
Description of Dam and 1971 Earthquake
The Upper San Fernando Dam is an earth embankment
dam with a maximum height of 80 feet. A typical crosssection of the dam is shown in Figure 6.

which does not allow the calculation of shaking-induced
permanent deformations. Figure 7 depicts the representative
cross section used in this analysis.

The 1971 San Fernando earthquake reached a 6.6
magnitude on the Richter scale and had a focal depth of about
8 miles at a distance of about 8~ miles from the dam. The
earthquake created severe longitudinal cracks along the crest
on the upstream slope, slightly below the pre-earthquake
reservoir level The crest of the dam reportedly moved
downstream about five feet and settled vertically about three
feet. At the downstream toe of the dam, a two foot pressure
ridge was observed. Figure 6 shows the pre-earthquake
configuration of the dam as a dashed line. A major
investigation of the seismic performance of the San Fernando
Dams was undertaken by Seed et al. (1973). The investigation
included equivalent-linear total-stress analysis of the dam

Scott (1973) estimated the peak acceleration at the dam site
to be about 0.6g. A modified form of the Pacoima Dam record
was used in the Seed analysis to reflect this peak acceleration.
This acceleration history was used in the analysis performed
for the present study and is shown in Figure 8.
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FIGURE 8. Modified Pacoima Record
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FIGURE 6. Upper San Fernando Dam
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FIGURE 7. Upper San Fernando Dam- Representative Cross-Section (Seed et al., 1973)
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Analytical Setup
In the present study, the representative cross section,
corresponding soil properties, and the modified Pacoima Dam
record provided by Seed et al. (1973) were used. The model
was analyzed using a mesh of 240 elements. Cyclic shear
strength curves were derived using the cyclic triaxial tests
given in the Seed report. The resulting curve-fits are shown in
Figure 9. Soil properties used in the analysis are listed in
Table 2.
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Free-field conditions were applied to the vertical
boundaries. Rayleigh damping with a critical damping ratio of
0.05 at a frequency of 5 Hz was used and pore pressure
dissipation was not allowed during shaking.

0

Table 2. Soil Parameters for
Upper San Fernando Dam AnaJysis
Material Parameter
Friction Angle, cp (deg)
Cohesion, c (psf)
Shear Constant, K
Shear Exponent, n
Poisson's Ratio, v
Dry Unit Weight,ydry (pet)

~1)

(2)
37
37
0
0
280 280
0.80 0.80
0.25 0.20
110 110

(3)
37
0
420
0.52
0.20
120

~4)

~5)

25
0
0
420 300
0.52 0.76
0.25 0.20
100 125
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Figure 11 shows contours of excess pore pressure
calculated in the dam. Predicted zones of liquefaction in the
hydraulic fill were similar to the results of Seed et al. (1973).
Predicted liquefaction of the fill on the downstream side of the
dam is consistent with the sand boils observed in this area.
liquefaction was also predicted in the alluvium upstream of
the core.

37

The deformed mesh at the end of shaking is shown in
Figure 10. The dashed boundary indicates the dam geometry
prior to the earthquake. A vertical slump of three feet was
predicted for the crest, and bulging in the amount of one to
three feet was predicted for the downstream toe. The
predictions agree well with the observed crest settlement of
three feet, and the two foot pressure ridge observed at the
downstream toe.

~

10
100
Number of Cycles to Liquefaction

FIGURE 9. Upper San Fernando Dam
Cyclic Shear Strength Curves

Result§
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Even though the anaJysis was able to capture the main
features of vertical crest slwnping and downstream-toe
bulging, the results do not agree with the observed horizontal
shifting of the crest in the downstream direction. The latter
suggests that the entire upper portion of the dam may have
moved downstream aJong a single deep-seated shear zone·
intercepting both the upstream slope and the downstream-toe
area. In contrast, the anaJysis results predicted two seperate
shear zones causing the up- and downstream slopes to move
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Figure 10. Upper San Fernando Dam- Deformed Mesh
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FIGURE 11. Upper San Fernando Dam - Contours of Excess Pore Pressure Ratio

apart horizontally. Figure 12 shows contours of predicted
permanent shear strain developed within the dam during
shaking which indicate the development of separate shear
zones on both faces of the dam.

develop a better representation of the dam cross section and
its material composition, records of the dam's construction
and soil testing are presently being reviewed in collabration
with the Department of Water and Power, City of Los
Angeles.

The cause of the discrepancy between the observed and
predicted directions of the horizontal crest shift is presently
under investigation. One significant shortcoming of full-scale
case histories involving earthquake shaking relates to
uncertainties surrounding the input acceleration history. Even
though the peak acceleration and duration of the modified
Pacoima record may be appropriate, the actual shape of the
input motion suffered by the Upper San Fernando Dam will
never be known. In addition to the input motion, the material
parameters and cross-sectional composition of the dam are
also being scrutinized. The representative cross-section by
Seed et al. (1973) may not be suitable for an analysis focusing
on the shaking-induced deformations of the dam. At first
glance, the strength parameters for the clay core seem to be
unusually high, and a softer core would tend to contribute to
the downstream movement of the darn. In an attempt to

SUMMARY AND CONCLUSIONS
Two case histories were presented which demonstrate the
use of nonlinear dynamic analysis with simple and familiar
descriptions of soil behavior in predicting shaking-induced
pore pressures and permanent deformations within soil. The
first case involves dynamic centrifuge testing of a silt layer
underlain by sand, and the second case investigates the
behavior of the Upper San Fernando Dam during the 1971
San Fernando earthquake.
The results of both analyses show that consistent and
reasonably accurate estimates may be made of pore pressure
generatioQ and permanent deformations in soils subjected to
earthquake loading. The simple elastic-plastic soil model
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Figure 12. Upper Sand Fernando Dam - Contours of Maximum Shear Strain Increment
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